It is well understood that the brain integrates information that is
Introduction
Imagining something in one's mind and perceiving something in the external world are phenomenologically similar experiences, and there is mounting evidence that these two experiences are represented similarly in the brain (Kosslyn et al., 2001) . For example, it has been found that visual imagery activates the primary visual cortex (Kosslyn et al., 2001; Kamitani and Tong, 2005) , and that visual imagery of objects from different categories selectively activates the corresponding parts of the visual cortex associated with perceiving objects from those categories (O'Craven and Kanwisher, 2000; Cichy et al., 2012) . Similar findings exist for tactile (Anema et al., 2012) , motor (Roth et al., 1996; Ehrsson et al., 2003) , and auditory imagery (Bunzeck et al., 2005; Oh et al., 2013) and for the corresponding sensory or motor cortices. However, research investigating the relationship between imagery and perception has focused on similarities and interactions within a given sensory modality, and the possibility of multisensory interactions between imagery and perception has been largely ignored.
Recent evidence favoring this possibility arises from a series of behavioral experiments demonstrating that mental imagery can induce multisensory perceptual illusions (Berger and Ehrsson, 2013) . In one experiment, it was observed that imagined visual stimuli alter the perceived location of sounds in the same manner as real visual stimuli in the well known ventriloquist illusion (Berger and Ehrsson, 2013) . Although previous neuroimaging studies have linked perceptual multisensory integration to neural activity in the frontal, parietal, and temporal association cortices, and to subcortical structures, such as the superior colliculus and putamen (Calvert et al., 2000; Bushara et al., 2003; Macaluso and Driver, 2005; Bischoff et al., 2007; Stein and Stanford, 2008) , it remains unknown whether imagery-related multisensory integration relies on similar neural mechanisms.
To investigate this possibility, we used functional magnetic resonance imaging (fMRI) and an adapted version of a ventriloquism paradigm. Consistent with previous studies that have manipulated the temporal correspondence between audiovisual stimuli to investigate the neural correlates of multisensory integration (Calvert et al., 2000; Ehrsson et al., 2004; Bischoff et al., 2007; Noesselt et al., 2007; Driver and Noesselt, 2008; Marchant et al., 2012; Gentile et al., 2013) , we asked participants to vividly imagine the appearance of a white circle in synchrony or asynchrony with a spatially disparate auditory stimulus ( Fig. 1 ; see Materials and Methods). To quantify the ventriloquist effect, the participants reported whether they perceived the sound to come from the left, right, or center after each trial.
Based on previous research on multisensory perception, we hypothesized that neural activity in the multisensory temporal association cortex constitutes the key mechanism underlying the integration of convergent signals from imagined visual and real auditory stimuli, and therefore expected that the strength of the imagery-induced ventriloquist illusion would be reflected in increases in the blood oxygenation level-dependent (BOLD) contrast signal in this area. Furthermore, we tested the prediction that the imagery-induced ventriloquist illusion is associated with increases in effective connectivity between the temporal association cortex and the auditory cortex.
Materials and Methods
Participants. Twenty-two healthy, righthanded participants (age, 29.09 Ϯ 5.56 years; 10 females) participated in the experiment. Two additional participants were excluded because they were unable to maintain fixation throughout the experiment due to excessive sleepiness. All participants were recruited from the student population in the Stockholm area, were healthy, reported no history of psychiatric illness or neurologic disorder, and had no problems with hearing or vision (or had corrected to normal vision). All participants provided written informed consent before the start of the experiment, which was approved by the Regional Ethical Review Board of Stockholm.
Design and procedures. The general experimental procedures were explained to the participants before entering the scanner. Once inside the scanner, the details of each condition and the timing of all of the events for each trial were explained. For the imagery conditions, participants were given instructions about where, when, and how they should imagine the appearance of the visual stimulus (i.e., a white circle; radius, 20 mm) while looking at the visual display. First, participants were shown the object that they should imagine. The object was then taken away, and participants were asked to imagine it as vividly as possible. Instructions continued once the participant felt confident and comfortable with imagining the stimulus. Before data acquisition, participants performed a practice trial of each of the possible stimulus combinations during the MRI calibration scans. This allowed the participant to practice imagining the visual stimulus vividly and with the correct timing with the distraction of the scanner noise present before the actual experiment.
In total, there were seven possible stimulus combinations. The possible stimulus combinations were AV i synchronous left; AV i synchronous right; AV i asynchronous left; AV i asynchronous right; V i only left; V i only right; A i only, where A stands for auditory stimulus, V i stands for imagined visual stimulus, A i stands for imagined auditory stimulus, and left and right denote the location of the imagined visual stimulus. Each stimulus combination was presented in a pseudorandom order and repeated twice per run (except A i only, which was presented four times per session), resulting in six repetitions of each stimulus combination throughout the entire experiment (stimulus combinations from the left and the right were ultimately combined to examine the effects of AV i synchrony over AV i asynchrony, resulting in 12 "beep" . Task design. Each trial was preceded by 12 s of fixation, followed by instructions and a countdown. The instructions informed the participants that they should imagine the circle on that trial, and the countdown cued the participants to the timing and location (left or right; right in the above example trial) of the to-be-imagined visual stimulus. Following the countdown, the participants imagined the brief appearance (100 ms) of the visual stimulus once per second for 12 s while a brief auditory (100 ms) stimulus was presented in synchrony or asynchrony (i.e., 500 ms following the onset of the first imagined visual stimulus). Participants indicated whether they perceived the sound to come from the left, center, or right of fixation after each 12 s trial.
repetitions per condition throughout the experiment). Only AV i synchronous and AV i asynchronous conditions were used for the main analyses. These conditions were chosen for our main analysis in light of several previous neuroimaging studies, which found robust multisensory integration effects by manipulating the temporal correspondence between audiovisual stimuli (Calvert et al., 2000; Bischoff et al., 2007; Noesselt et al., 2007; Lewis and Noppeney, 2010; Marchant et al., 2012) . Furthermore, comparing synchronous and asynchronous trials enabled us to obtain a behavioral estimate of the ventriloquist effect that could be compared and related to the observed brain activity under conditions controlling for nonspecific activity related to the mere presence (vs absence) of the stimuli. The visual display was presented via MR-compatible LCD video goggles (NordicNeuroLab) and auditory stimuli were transmitted in mono mode via stereo MR-compatible headphones. The auditory stimulus consisted of a brief 100 ms "beep" tone (mixed 3000/4000 Hz sinusoidal tone) that was presented at a comfortable volume still audible over the scanner noise. Presentation of the auditory stimulus in mono mode to stereo headphones resulted in the perception that the tone was spatially centered. During the experiment, the participants indicated whether they heard the sound come from the left, center, or right, by pressing one of three designated buttons on a hand-held MR-compatible fiber optic response pad (Current Designs). Stimulus presentation was controlled using PsychoPy software (Peirce, 2007 (Peirce, , 2008 ) on a 13-inch MacBook computer.
In the main experiment, the participant first saw a fixation cross (12 s), which served as our baseline control condition. Next, instructions appeared (3 s) just below fixation informing the participant what he or she should imagine on that trial. For the AV i synchrony and AV i asynchrony trials, the instructions "Imagine circle" informed the participants that they should imagine the visual stimulus on that trial. The words "same" or "different" were also included at the end of this instruction to inform the participant that a sound would be presented synchronously or asynchronously, respectively, with the imagined visual stimulus; this allowed participants to maintain their timing and obviated the possibility that participants would begin to synchronize their imagery with the salient auditory stimulus over the course of the 12 s asynchronous trials. Simultaneous with the instruction screen, a countdown from 3 appeared 20°to the left or the right of fixation. Each number in the countdown appeared for 100 ms on the screen every 900 ms. The participants were instructed at the outset of the experiment to imagine the first appearance of the circle as vividly as possible at the next beat in the countdown (i.e., 900 ms after the disappearance of the "1" in the countdown) in the exact location of the countdown while maintaining fixation. Thus, the countdown instructed the participants when they should imagine the first appearance of the circle as well as where they should imagine it. Importantly, the participants' task was the same in both the synchrony and asynchrony trials (i.e., the timing of their imagery was the same in every trial; only the timing of the auditory stimulus was manipulated). Moreover, participants were explicitly instructed (and practiced before the start of the experiment) to imagine the visual stimulus at the same pace (i.e., one per second for 12 s) on every trial and not to rely on the timing of the sound for their timing of the imagined visual stimulus. Thus, auditory stimuli were as task irrelevant as could be made possible in such a paradigm. To ensure participants maintained fixation, eye movements were monitored online via an MR-compatible EyeTracking camera (NordicNeuroLab) and ViewPoint EyeTracker systems software (Arrington Research) throughout the experiment.
Behavioral data analysis. To determine whether visual imagery of a spatially incongruent circle led to the ventriloquist effect during synchronous trials, the left, right, and center responses were coded as Ϫ1, 1, and 0, respectively, and averaged within each condition. In this way, an average response of 0 would reflect no localization bias; 1 would reflect an extreme bias to the right; and Ϫ1 would reflect an extreme bias to the left. A ventriloquism index-an unbiased estimate of the effect of visual stimuli (or visual imagery) over auditory stimuli-was then calculated by subtracting each participant's average bias in the auditory-only condition (from functional localizer blocks; see below) from their averages in all other conditions. The benefit of such an estimate is that it controls for false positives (i.e., instances in which the participant indicates that the auditory stimulus came from the same direction as the imagined visual stimulus because of baseline response/perceptual biases), which could confound our results. Ventriloquism indices from conditions with visual stimuli imagined (or perceived during functional localizer blocks; see below for details) on the left and the right were collapsed to increase statistical power by reverse scoring the indices from the left conditions and averaging them with those from the right conditions. Behavioral data were analyzed using R (R Development Core Team, 2010). The paired differences (between synchrony and asynchrony) were first plotted (i.e., density and quantile-quantile plots) and assessed for normality. As the paired differences followed a normal (i.e., Gaussian) distribution, a repeated-measures t test (two-tailed) was then used to assess statistical significance between the synchronous and asynchronous conditions (this was also used for the functional localizer behavioral data).
fMRI data acquisition. Participants were scanned using a 3T General Electric 750, MR scanner equipped with an eight-channel head coil to acquire gradient-echo T2*-weighted echo-planar images with BOLD contrast as an index of local increases in synaptic activity (Logothetis et al., 2001; Magri et al., 2012) . A functional image volume comprised 49 continuous slices that were 3 mm in thickness to ensure that the whole brain was within the field of view [FOV; 96 ϫ 96 matrix; 3.0 ϫ 3.0 mm; echo time (TE) ϭ 30 ms]. One functional image volume was collected every 2.5 s [repetition time (TR) ϭ 2500 ms] in an ascending, interleaved protocol. Thus, at the conclusion of the three experimental runs, 1028 image volumes were acquired for each participant. A high-resolution structural image was also acquired for each participant at the end of the experiment (3D MPRAGE sequence; voxel size. 1 ϫ 1 ϫ 1 mm; FOV, 230.4 ϫ 230.4 mm; 170 slices; TR ϭ 6656 ms; TE ϭ 2.93 ms; flip angle, 11°).
fMRI data analysis. The fMRI data were analyzed using the Statistical Parametric Mapping software package, version 8 (SPM8; http://www.fil. ion.ucl.ac.uk/spm; Wellcome Department of Cognitive Neurology). The functional images were realigned to correct for head movements and coregistered with each participant's high-resolution structural scan. The anatomical image was then segmented into white matter, gray matter, and CSF partitions and normalized to the Montréal Neurological Institute (MNI) standard brain. The same transformation was then applied to all functional volumes, which were resliced to a 2.0 ϫ 2.0 ϫ 2.0 mm voxel size. The functional images were then spatially smoothed with an 8 mm full-width-at-half-maximum isotropic Gaussian kernel.
A linear regression model [general linear model (GLM)] was fitted to each participant's data (first-level analysis) with regressors defined for each of the stimulus combinations described above. We also defined a condition of no interest corresponding to the 12 s baseline condition, the 3 s countdown and instructions, and the 2 s response. Each condition was modeled with a boxcar function and convolved with the standard SPM8 hemodynamic response function. Linear contrasts were defined within the GLM. The resulting contrast images from each subject were then entered into a random effects group analysis (second level). One-sample t tests were then used (21 degrees of freedom) to assess statistical significance.
To relate the imagery-induced ventriloquist illusion to BOLD activity, values corresponding to the strength of the ventriloquist illusion (i.e., the difference between the ventriloquism indices in the AV i synchrony and AV i asynchrony conditions) for each subject were entered as a covariate alongside the AV i synchrony-AV i asynchrony contrast images in a multiple linear regression model that was then estimated for the entire brain. Thus, the effect of the ventriloquism-strength covariate revealed all voxels displaying a significant positive relationship between the synchrony manipulation and strength of the imagery-induced ventriloquist effect.
In the main and the multiple linear regression analyses, we only report peaks of activation (unless otherwise stated) corresponding to p Յ 0.05, after correcting for multiple comparisons [familywise error (FWE) correction] within functionally defined regions of interest (fROIs). fROIs in the left superior temporal sulcus and left parietal cortex were identified in an orthogonal contrast involving real audiovisual stimuli from a functional localizer task (i.e., AV synchrony vs AV asynchrony; see below for details). Peaks of activation outside these fROIs were corrected for mul-tiple comparisons based on the number of comparisons in the whole brain. Thus, we performed a whole-brain analysis that made use of fROIs to constrain the correction for multiple comparisons in a priori-specified regions of the brain. Because we had no a priori hypotheses concerning the functional significance of deactivations, i.e., less activity ( p uncorrected Ͻ 0.05) for synchronous audiovisual stimuli compared with the resting baseline, such patterns of activation are not reported or discussed. However, in the interest of transparency and to make these data available for future research, the deactivations are still displayed in the figures (the activity visible in the parietal cortex, as observed in Fig. 3A , represents one area displaying such a pattern).
Effective connectivity changes between the left superior temporal sulcus (L. STS) and remote brain areas were assessed in a psychophysiological interaction (PPI) analysis (Friston et al., 1997) by defining a seed region for each participant centered on the peak voxel found within an 8 mm sphere centered on the group peak for the contrast AV i synchrony greater than AV i asynchrony. The seed region's time series was computed as the first eigenvariate of all voxels within a 4-mm-radius sphere centered on each participant's peak voxel. For each participant, regressors corresponding to the time series of the seed region (i.e., the physiological variable), the conditions of interest (i.e., the psychological variable), and their product (i.e., the PPI) were created and entered into a GLM estimated for each participant. Contrast estimates for the PPI regressor were analyzed in a random effects group analysis using a one-sample t test.
To relate the subject-to-subject variability in the strength of the imagery-induced ventriloquist effect to the effective connectivity to the L. STS, values corresponding to the strength of the ventriloquist effect for each subject (as described in the multiple-regression analysis above) were entered as a covariate alongside the PPI contrast images in a multiple linear regression model that was then estimated for the entire brain. Thus, the effect of the covariate revealed all voxels displaying a significant positive relationship between the PPI estimate and strength of the imagery-induced ventriloquist effect.
All reported peaks (unless otherwise stated) from the main PPI and PPI multiple regression analysis were FWE corrected for multiple comparisons within fROIs identified in an orthogonal PPI analysis conducted on scans from a functional localizer task (see below for more details from functional localizer scans).
Functional localizer. The corrections for multiple comparisons in all analyses were made within fROIs that had been identified by functional localizer scans that were interleaved throughout the experiment between imagery blocks. The possible stimulus combinations for the multisensory functional localizer blocks were as follows: AV-synchronous left; AVsynchronous right; AV-asynchronous left; AVasynchronous right; V-only left; V-only right; A only, where A stands for auditory stimulus, V stands for visual stimulus, and left and right denote the location of the presented visual stimulus. The task, timing, and number of stimulus presentations during the perceptual multisensory localizer were exactly the same as those used in the main experiment except that instead of imagining a visual stimulus, the participants actually saw the visual stimulus appear. These perceptual localizer scans were included in the same runs as the main experiment to minimize unspecific time or context differences, but importantly, the localizer scans and the main scans were completely orthogonal and thus statistically independent. For consistency, the pretrial instructions and countdown were also included in these runs [although the instruction now informed the participants that they would see a circle appear on that trial (e.g., "See Circle")].
To identify multisensory areas sensitive to audiovisual synchrony, the AV synchrony trials were contrasted with the AV asynchrony trials. The resulting regions identified ( p uncorrected Ͻ 0.05) were the L. STS and the left inferiorparietallobule(seeFig.3A).MarsBar(http://marsbar.sourceforge. net; Brett et al., 2002) was used to create and export fROIs that were then used to correct for multiple comparisons in the main and multipleregression analyses described above.
A PPI analysis was conducted on functional localizer data to assess effective connectivity changes between the L. STS and remote brain areas, particularly the auditory cortex, when real visual stimuli were presented synchronously with auditory stimuli. Clusters of activation were identified ( p uncorrected Ͻ 0.005) in the left and right auditory cortices. MarsBar was used to export these clusters of activation to be used as fROIs in the main PPI and PPI multiple-regression analyses described above (see Fig.  3D ). Significant peaks of activation from the functional localizer PPI analysis are reported in Figure 4 and were FWE-corrected for multiple comparisons within a sphere (radius, 6 mm) centered on the peak coordinates of the left (Ϫ50, Ϫ30, 11; t (21) ϭ 9.52, p uncorrected Ͻ 0.001) and right (59, Ϫ23, 9; t (21) ϭ 11.01, p uncorrected Ͻ 0.001) planum temporale (PT), and left (Ϫ45, Ϫ25, 9; t (21) ϭ 6.90, p uncorrected Ͻ 0.001) and right (44, Ϫ21, 9; t (21) ϭ 4.70, p uncorrected Ͻ 0.001) Heschl's gyrus (HG) portions of the auditory cortex from the orthogonal (i.e., statistically independent) A only-baseline contrast (see Fig. 4 ).
Results
An analysis of the behavioral data obtained from the scanner revealed that imagining a spatially disparate visual stimulus in synchrony with an auditory stimulus (vs asynchronously) led to a significant translocation of the auditory stimuli (t (21) ϭ 2.15, p ϭ 0.043, d ϭ 0.38; Fig. 2A ). This effect mirrored the comparison of equivalent conditions from functional localizer scans, t (21) ϭ 2.91, p ϭ 0.008, d ϭ 0.53 (Fig. 2B) , consistent with previous behavioral evidence of visual imagery-induced ventriloquism (Berger and Ehrsson, 2013) .
The primary analysis of the fMRI data focused on identifying the neural correlates of the imagery-induced ventriloquist effect by testing whether there were differences in activity within multisensory areas when the participants imagined a spatially incongruent visual stimulus in synchrony (vs asynchrony) with an auditory stimulus. We found that audiovisual synchrony of imagined visual stimuli was associated with a significant increase in activity in the L. STS compared with asynchrony (Ϫ42, Ϫ34, Ϫ3 [x, y, and z coordinates in MNI standard space]; t (21) ϭ 3.89, p FWE-corrected Ͻ 0.05 (Fig. 3 A, B ; Table 1 , main analysis). The two peaks of activity observed in the parietal cortex (Fig. 3A) were the result of significant differences in deactivations, i.e., less activity in the AV i synchrony condition compared with the resting state baseline [Ϫ42, Ϫ72, 45: M AVi sync ϭ 0.01 Ϯ 1.49, M AVi async ϭ Ϫ1.03 Ϯ 2.05; Ϫ39, Ϫ75, 42: M AVi sync ϭ Ϫ0.18 Ϯ 1.31, M AVi async ϭ Ϫ1.00 Ϯ 1.64 (MNI coordinates and means Ϯ SDs of parameter estimates from peaks of activation in the AV i synchrony and AV i asynchrony conditions)]. Because we did not have an a priori hypothesis regarding deactivations in this region, this activity was assumed to be unrelated to the multisensory percept under investigation. There were no peaks of activation outside the fROIs that survived the correction for multiple comparisons at the wholebrain level, and no statistically trending peaks ( p uncorrected Ͻ 0.001) were observed outside the fROIs in other areas related to audiovisual processing, such as the primary sensory cortices, prefrontal cortex, basal ganglia, or superior colliculus. Next we examined whether any synchrony-specific BOLD activity in the brain could be predicted by the strength of the imagery-induced ventriloquist illusion for each subject. Thus, we examined whether the unbiased estimate of the strength of the ventriloquist illusion, based on the difference between the ventriloquism indices in the AV i synchrony and AV i asynchrony conditions calculated from the participants' responses, was linearly related to the strength of the BOLD response in the AV i synchrony condition compared with the AV i asynchrony condition in an additional whole-brain multiple-regression analysis. This analysis revealed that participants whose auditory perception was biased most in synchronous (vs asynchronous) trials also showed the strongest activity in the L. STS (Ϫ58, Ϫ37, 9; t (21) ϭ 3.18, Figure 3 . Neural basis of imagery-induced ventriloquism. A, Activity associated with audiovisual synchrony (vs asynchrony) for imagined visual stimuli within the functionally defined multisensory regions of interest (fROIs outlined in white) overlaid on a representative inflated cortical surface (left); coronal and sagittal sections displaying the peak activation in the L. STS is overlaid on the average normalized anatomical image from our participants (right). The activity differences observed in the parietal cortex were the result of deactivations, i.e., less activity for synchronous auditory and imagined visual stimuli compared with the resting baseline (see Results) . B, Bar plot shows the parameter estimates from the significant peak of activation in the L. STS; error bars denote ϮSEM. C, Post hoc multiple-regression analysis demonstrating that the activity in the L. STS in the AV i synchronous [Av i sync.; vs AV i asynchronous (Av i async.)] condition could be predicted by the strength (i.e., the difference of AV i synchrony and AV i asynchrony ventriloquism indices) of the imagery-induced ventriloquist effect. D, Significant enhanced connectivity between the right auditory cortex and the L. STS seed region for the AVi synchronous (vs AVi asynchronous) condition overlaid on a representative inflated cortical surface (bottom left). A yellow circle marks the approximate location of the L. STS seed on an inflated left hemisphere cortical surface (top left; fROIs outlined in white). Coronal and axial sections displaying the peak connectivity to the right auditory cortex are overlaid on the average anatomical image from our participants (right). E, Plot of the PPI for one representative subject showing a steeper regression slope relating L. STS activity to the response magnitude of the right (R.) auditory cortex during the AV i synchrony (AV i sync., green) compared with the AV i asynchrony condition (AV i async., black). F, Post hoc multiple-regression analysis demonstrating that effective connectivity from L. STS to the right (R.) auditory cortex in the AV i synchrony (vs AV i asynchrony) condition could be predicted by the strength of the imagery-induced ventriloquist effect. Activation maps are displayed at p uncorrected Ͻ 0.01 for display purposes only. p FWE-corrected ϭ 0.052; see Fig. 3C ; Table 1 , multiple-regression analysis with ventriloquism covariate). These two findings link the imagery-induced ventriloquist effect to activity in the L. STS. In light of previous findings demonstrating increased effective connectivity between the STS and primary visual and auditory areas during audiovisual synchrony (Noesselt et al., 2007; Marchant et al., 2012) , we also conducted a separate PPI analysis (Friston et al., 1997) , in which we tested whether imagining a visual stimulus in synchrony with an auditory stimulus was associated with increased effective connectivity between the L. STS and primary visual and/or auditory areas. A significant increase in effective connectivity was observed between the L. STS and the right auditory cortex (PT; 57, Ϫ24, 9; t (21) ϭ 3.44, p FWE-corrected ϭ 0.021) when participants imagined a visual stimulus in synchrony with a real auditory stimulus compared with imagining a visual stimulus in asynchrony with a real auditory stimulus [a post hoc analysis, conducted for descriptive purposes, also revealed increased connectivity to the left auditory cortex at a lower statistical threshold (HG; Ϫ42, Ϫ24, 0; t (21) ϭ 2.59, p uncorrected ϭ 0.008), but did not survive correction for multiple comparisons (see Fig. 3 D, E; Table 1 , PPI analysis).
Finally, we also examined whether any synchrony-specific increase in connectivity could be predicted by the strength of the imagery-induced ventriloquist effect in an additional wholebrain multiple-regression analysis, and found that participants whose auditory perception was most biased when auditory stimuli were presented in synchrony with their imagination of a circle also showed the strongest effective connectivity between L. STS and the left auditory cortex [HG; Ϫ54, Ϫ18, 6; t (21) ϭ 2.85, p FWE-corrected ϭ 0.054; a post hoc analysis, conducted purely for descriptive purposes, also revealed a positive relationship between the right auditory cortex and the strength of the ventriloquist effect (HG; 45, Ϫ25, 13; t (21) ϭ 2.65, p uncorrected ϭ 0.008) but did not survive correction for multiple comparisons; see Fig. 3F ; Table 1 , PPI multiple-regression analysis with ventriloquism covariate]. Thus, the imagery-induced ventriloquist effect is associated with a strong functional interplay between the auditory cortex and the L. STS.
Discussion
We have demonstrated that the illusory translocation of auditory stimuli toward the location of an imagined visual stimulus-the imagery-induced ventriloquist effect-is associated with increased activity in the L. STS and with increased effective connectivity between the L. STS and the auditory cortex. Moreover, we found that the strength of this illusion is related to the degree of increased activity in the L. STS and to the degree of increased effective connectivity between the L. STS the auditory cortex. These findings are in line with those obtained using the standard ventriloquist effect (using real stimuli) observed in the present study and in previous neuroimaging studies (Bischoff et al., 2007; Bonath et al., 2007) . Together, these results suggest that the fusion of imagery and real sensory signals is mediated by the same integrative mechanisms in the association cortex and primary sensory cortex as those that mediate the fusion of real sensory stimuli.
The L. STS has previously been implicated as a key site for the integration of audiovisual stimuli (Beauchamp et al., 2004a (Beauchamp et al., , 2004b and in studies on the perceptual effects of audiovisual integration (Bushara et al., 2003; Bischoff et al., 2007; Stevenson and James, 2009; Werner and Noppeney, 2010b; Marchant et al., 2012) . Anatomically, the STS is situated between the visual and auditory cortices, with direct connections from both, making it an ideal candidate for the integration of convergent auditory and visual stimuli (Seltzer and Pandya, 1994; Lyon and Kaas, 2002; Kaas and Collins, 2004; Wallace et al., 2004) . Moreover, electrophysiological recordings in nonhuman primates have demonstrated that this region contains cells that have the capacity to integrate auditory and visual signals at the single-neuron level (Bruce et al., 1981; Schroeder and Foxe, 2002; Dahl et al., 2009; Perrodin et al., 2014) ; and neuroimaging studies on humans have also implicated the STS in the integration of a wide range of audiovisual stimuli (Noesselt et al., 2007; Stein and Stanford, 2008; Marchant et al., 2012) , including one neuroimaging study linking the ventriloquist illusion to increased activity in the L. STS (Bischoff et al., 2007) . In the present study, we found that STS activity was greater when the participants imagined the visual stimuli in synchrony, compared with asynchrony, with the auditory stimuli, and that the degree of this BOLD effect was correlated with the behaviorally indexed imagery-induced ventriloquist effect across participants. Our findings suggest that neuronal signals produced by imagined visual stimuli are combined with signals generated by real auditory stimuli in the STS, thereby facilitating the creation of a coherent audiovisual representation of a single external event.
In addition to the STS, previous work has also implicated the primary auditory and visual cortices in multisensory interactions during the processing of synchronous audiovisual stimuli (Driver and Noesselt, 2008; Werner and Noppeney, 2010a) . Interestingly, we did not observe any significant activity in either the auditory or visual cortices even at lower statistical thresholds ( p uncorrected Ͻ 0.05) for synchronous (vs asynchronous) audiovisual stimuli in the functional localizer data, nor in the main analyses when comparing synchronously and asynchronously imagined visual and real auditory stimuli. However, the results of our effective connectivity analyses, which showed that the imagery-induced ventriloquist illusion was associated with an enhanced effective connectivity between the L. STS and the auditory cortex, are in line with previous studies implicating the involvement of the auditory cortex in multisensory processing (Bonath et al., 2007; Driver and Noesselt, 2008; Werner and Noppeney, 2010a) .
The involvement of the auditory cortex in perceptual multisensory interactions has been attributed to inputs from higher-order areas in the association cortex or from other sensory areas via long-range anatomical connections (Ghazanfar et al., 2005 (Ghazanfar et al., , 2008 Driver and Noesselt, 2008; Marchant et al., 2012) . The posterior portions of the auditory cortex, observed in our connectivity analysis, have also been implicated in the spatial localization of auditory stimuli (Tian et al., 2001; Bonath et al., 2007; Lomber and Malhotra, 2008; Ahveninen et al., 2013) , and in one previous neuroimaging study of the ventriloquist effect (Bonath et al., 2007) . Our findings from the effective connectivity analyses are in line with these observations. Our interpretation is that this increase in effective connectivity to the auditory cortex reflects an important mechanism by which visual stimuli (real or imagined) lead to changes in the processing of auditory stimuli in external space, such that endogenously and exogenously induced multisensory perception is mediated by the association cortex, and by the information exchange between the association cortex and early "modality-specific" cortex.
The present results provide new insight regarding topdown effects in multisensory integration. While there has been a great deal of research examining the effects of attention, expectation, and prior knowledge on multisensory integration (Engel et al., 2001 (Engel et al., , 2012 ; Talsma et al., 2010), our results sug-gest that coherent multisensory representations of external objects are not only modulated by top-down processing, but can indeed be formed from signals that are partly real and partly the product of our explicit mental images. That is, signals from imagined stimuli are capable of perceptually fusing with real stimuli by engaging the same integrative mechanisms as real cross-modal sensory stimuli. This finding suggests that imagery can substitute sensation in multisensory perception rather than just modulate sensory processing related to external stimuli, as in the case of attention.
It is important to note that many experiments on the ventriloquist effect have successfully demonstrated that the ventriloquist illusion reflects a genuine perceptual phenomenon that cannot merely be explained by cognitive bias or postperceptual decisions (Bertelson and Aschersleben, 1998; Bertelson et al., 2000 Bertelson et al., , 2006 Vroomen et al., 2001; Alais and Burr, 2004) . In a recent behavioral experiment using a psychophysical staircase procedure, we were able to demonstrate that the imagery-induced version of the ventriloquist illusion is also indicative of a genuine perceptual phenomenon (Berger and Ehrsson, 2013) . Therefore, we are confident that the imaging results reported here reflect the genuine perceptual translocation of the auditory stimulus toward the imagined visual stimulus. Such an interpretation is in agreement with the results presented here, in which the strength of the illusion is reflected in the strength of activity in the STS and connectivity to the auditory cortex rather than activity in or connectivity to prefrontal regions previously implicated in perceptual decisions (Noppeney et al., 2010) .
Although the present data suggest that the STS and increased connectivity between the STS and auditory cortex play an important role in integrating imagined visual stimuli with the auditory stimuli that we perceive in the external world, future research may serve to further investigate the specific mechanisms associated with other features of this multisensory integrative process. For instance, we were able to relate the unbiased estimate of the strength of the ventriloquist effect for each subject to the strength of the BOLD response in the AV i synchrony condition compared with the AV i asynchrony condition; however, future research may be able make use of the trial-to-trial variability in the illusory percept to further our understanding of the relationship between the consciously reported percepts and the basic multisensory integration mechanisms. Further, while we demonstrated here that the integration of mental imagery and perception relies on at least partially overlapping neural mechanisms, we hope that our findings will provide the basis for future investigations into the mechanisms by which the brain distinguishes between imagery and perception. Such an investigation may be useful in understanding circumstances in which one fails to distinguish between sensory stimuli generated in one's mind and sensory stimuli perceived in the external world, such as hallucinations.
The results we described here advance our understanding of the functional and neuroanatomical similarities between imagery and perception. Numerous imaging studies have compared activation when imaging or perceiving a sensory stimulus, and have described a remarkable degree of neuroanatomical overlap of the activation patterns in sensory cortices (Farah, 1984 (Farah, , 1989 O'Craven and Kanwisher, 2000; Kosslyn et al., 2001; Ehrsson et al., 2003; Ganis et al., 2004; Oh et al., 2013) . Recent studies using brain-decoding techniques have also shown that the fine-grained patterns of activity in sensory areas when imagining a stimulus are similar to those when perceiving it (Thirion et al., 2006; Stokes et al., 2009; Cichy et al., 2012; Horikawa et al., 2013) . Our results, however, go beyond these observations by showing that endogenously generated sensory signals are not only capable of activating areas responsible for perceiving sensory stimuli, but are in fact of sufficient quality and signal strength as to fully integrate with exogenous sensory stimuli from a different sensory modality to form coherent multisensory representations of external events. To the best of our knowledge, this study is the first to image such a behaviorally relevant interaction between imagery and perception. These findings provide renewed support for perceptually based theories of imagery. 
